we discuss how this technique can be expanded for other indications. Perioperative complications and outcomes of this challenging technique are also discussed.
methods
A retrospective review was performed of the medical records of all 7 patients who underwent lateral mass cage placement or fibular strut grafting from 2007 to 2009 at 2 academic institutions. These procedures were used as a component of cervical spine reconstruction following iatrogenic destabilization. Review of medical records was conducted in accordance with the institutional review board rules and regulations at both institutions.
Preoperative planning included CT scanning, MR imaging, staging, and biopsy where appropriate. A neoplastic process was diagnosed in all patients and included schwannoma, osteochondroma, chondrosarcoma, and chordoma. Intralesional or en bloc resection was determined on an individual basis, but it was anticipated that all patients would have gross iatrogenic instability upon the completion of the planned resection; thus, complex reconstruction was planned.
All patients underwent lateral mass cage placement or fibular graft placement as a component of spinal column reconstruction, including 1 patient who underwent placement of bilateral lateral mass cages. The docking sites of each cage are outlined in Table 1 . In all cases, the lateral mass complex was removed in conjunction with tumor resection. To perform this procedure, mobilization and control of the vertebral artery was necessary. Once the resection was complete, the cage was carefully contoured to fit snugly between the highest level of resection (occipital condyle, lateral mass of C-1, or a subaxial lateral mass) and the upper surface of the lowest remaining lateral mass. Cages were variably secured with small fragment screws (Synthes), but all cages were secured to the posterior instrumentation via a lateral mass screw placed through the cage. All cages were packed with allograft bone to ensure arthrodesis between cage and bone.
All patient notes, operative records, and imaging results were reviewed. Standard follow-up included 3-view cervical radiographs for evaluation of alignment and construct integrity at 1 month, 3 months, 6 months, 1 year, and yearly, or when patients presented with new onset pain or weakness. Pre-and postoperative CT scanning was also performed, with follow-up CT scanning performed at 6 months and then yearly as indicated. Fusion in individual patients was assessed using serial CT imaging. Absence of instrumentation failure or loosening and the incorporation of the cranial and caudal ends of the lateral mass cage was considered evidence of fusion. If a unilateral lateral mass construct was created, evidence of a contralateral fusion mass from standard arthrodesis was also necessary for evidence of fusion. Additionally, any intraoperative, perioperative, and postoperative complications were explicitly documented.
results
Demographic data of the patients are summarized in Table 2 . The pre-and postoperative courses for all patients are illustrated in Fig. 1 . Four men (57%) and 3 women (43%) with an average age of 49 years (range 16-77 years) were treated. Three patients presented with schwannoma, 2 with chordoma, 1 with chondrosarcoma, and 1 with osteochondroma. Four patients underwent intralesional tumor resection due to the extent of primary tumor (Case 5) or because preliminary pathology suggested a benign process (Cases 3, 4, and 6). Two patients underwent initial en bloc resection, 1,2 and 2 patients 6,8 underwent fibular strut placement for revision of instrumentation.
Postoperative CT scans obtained longer than 6 months after surgery were available for 2 patients, 1, 6 and there was evidence of fusion with either integration of the fibular graft (Case 6) or bridging bone with incorporation of the cage (Case 1). Patients in Cases 3, 4, and 7 had evidence of durable constructs at last follow-up; however, fusion could not be assessed due to a lack of CT imaging. One patient (Case 5) was lost to follow-up and another patient (Case 2) experienced a catastrophic hardware failure that required revision. The patient in Case 1 also experienced a hardware complication when the cage was placed extending from the occipital condyle to the vertebral body; however, when the cage was revised to bridge the lateral mass to the occipital condyle, the construct fused.
illustrative case

Case 2
The 60-year-old woman initially presented to an outside hospital with neck pain. She underwent MRI and CT scanning as well as biopsy sampling, which demonstrated a chondrosarcoma involving C-2, C-3, and C-4 (Fig. 2) . The patient was offered a 3-stage en bloc resection, and, following a full discussion of the risks and benefits of the procedure, the patient elected to proceed.
The first stage involved placement of posterior occipitocervicothoracic instrumentation with mobilization of the tumor via a posterior approach. The patient was placed prone in a neutral position, and a standard midline approach was performed. Care was taken not to violate the tumor capsule, leaving a margin of tissue around the exophytic portion of the tumor at the C-5 and C-6 levels on the right side. Using normal anatomical landmarks, instrumentation was placed, including an occipital plate and bilateral thoracic pedicle screws from T-1 to T-5. Two rods were contoured to span from the occiput to T-5 and were retained for later in the operation (Fig. 2) . Attention was turned to tumor mobilization. Laminectomies were performed at C-2, C-3, and C-4 at the junction of the lateral mass and the lamina on the left side and just approximately 0.5 cm off the midline on the right side, avoiding any entry into the tumor. The lateral masses of C-2, C-3, and C-4 on the left side were resected using a high-speed diamond bur exposing the C-3 and C-4 nerve roots in their entirety. Next, the vertebral artery was mobilized. The artery was identified as it came across the C-1 arch of the sulcus arteriosus and was followed laterally to the transverse foramen of C-1 and inferiorly to its entry into to the level of the C-4 nerve root. To mobilize the spinal segment of the vertebral artery, osteotomies were performed just medial to the vertebral artery, but through the foramen. To mobilize the rostral portion of the tumor, the arch of C-1 was removed, the C1-2 joint was identified, and the C-2 nerve roots were ligated bilaterally. This allowed further dissection ventral to the thecal sac. This approach allowed enough access to carefully cut the odontoid using a bone scalpel (Aesculap, Inc.). This allowed us to perform our rostral osteotomy through the C-2 odontoid. Achieving this osteotomy through a posterior approach was quite difficult but was attempted to eliminate the need for a transoral or transoral transmandibular approach to mobilize the rostral extent of the tumor. After this was performed, the posterior longitudinal and transverse ligaments were cut just ventral to the thecal sac. At this point of the operation, the instrumentation was assembled from C-2 through T-5 and was locked in place. The incision was closed in layers. An incidental durotomy that occurred during tumor dissection was not repaired, as better access to the ventral dura was anticipated during the third stage of the procedure. The patient was awakened, remained neurologically intact, and remained intubated overnight in the neurosurgical intensive care unit.
The second stage, completed the following day, involved an anterior approach with a C4-5 discectomy and ventral mobilization of the tumor. Prior to the procedure, a tracheostomy and lumbar drain were placed. The plastic surgery team performed a high cervical exposure via a modified carotid incision. Once exposed, identified structures included the trachea; esophagus; strap muscles; sternocleidomastoid muscle; spinal accessory nerve; internal, external, and common carotid arteries; internal jugular veins; and the C3-6 nerve roots and upper trunk of the brachial plexus. The anterior spine was exposed from the C1-2 junction to C-6, with a good plane of tissue over the C-3 body tumor. To create the caudal extent of resection, a complete C4-5 anterior discectomy was performed. The posterior longitudinal ligament was incised, and a circumferential annulectomy was performed. Next, the foramen transversarium was unroofed at C-4 and C-5, allowing mobilization of the vertebral artery on the right. On the left, the vertebral artery was similarly mobilized at C-4 and C-3. A Silastic sheath was placed in the space between the trachea, esophagus, carotid sheath contents, jugular vein, cervical nerve roots, and the tumor in the spine. This was placed as a border to identify it during the Stage 3 posterior exposure. After this was completed, the area was then copiously irrigated with antibiotic-infused irrigation, and the incision was closed in a multilayered fashion. Finally, a third stage encompassing tumor resection and spinal column reconstruction was completed during the same anesthesia session. The patient was positioned prone in a Mayfield headholder, and the previous posterior incision was reopened. At this point, the anterior, posterior, and caudal margins of the tumor were free. Dissection was continued laterally around the tumor until the Silastic sheath that had been placed ventrally was encountered. Dissection was completed on the right side, and the right-sided rod was removed to provide access. As the right vertebral artery passed through the tumor, it needed to be sectioned above and below the tumor. Therefore, the vertebral artery was identified at the C-1 level, mobilized to the level of C-2, ligated, and sectioned. Similarly, the vertebral artery was identified at C4-5, ligated, and sectioned. We cut the C-3 and C-2 nerve roots laterally. The right rod was replaced, and the left rod was removed. A similar dissection was performed on the left side. First, the previously exposed vertebral artery was further mobilized by creating osteotomies just medial to the vertebral artery at C-2, C-3, and C-4. Care was taken to preserve the C-3, C-4, and C-5 nerve roots on the left hand side.
The cranial margin was addressed next, and attention was turned to the C1-2 joint. There was still joint capsule in this region, so the joint was carefully distracted and, using sharp dissection, the capsule was cut ventrally. The rod was then replaced and locked into position. This was repeated on the contralateral side.
At this point, the mass was free of all major attachments. By pushing the mass slightly forward with the vertebral bodies of C-2, C-3, and C-4, the plane between the tumor and the thecal sac was dissected. The right-sided C-3 and C-4 nerve roots were then cut, and the tumor was freed from the thecal sac. The vertebral bodies of C-2, C-3, and C-4 were pushed ventrally, and all attachments between vertebral bodies and muscular attachments were cut. The specimen was delivered off to the right side out through the muscular defect that had been created. The entire en bloc specimen was passed off the field including the vertebral bodies of C-2, C-3, and C-4, and the tumor. The previous durotomy was definitively closed primarily and covered with DuraSeal (Covidien).
Hemostasis was obtained, and attention was turned to reconstruction. Posterior instrumentation from the occiput to T-5 was in place from the first stage of the procedure. To provide load-bearing capabilities, a SynMesh cage (Synthes) to span from the right C-1 lateral mass to the right C-6 lateral mass was sized to fit. This cage was packed with demineralized bone matrix and allograft for the arthrodesis. A Synapse screw (Synthes) was driven through the cage such that the cage could be locked to the 3.5-mm rod. The cage was placed in the position, and then 2 small fragment screws were placed locking it in position to the spine, one into the lateral mass of C-1 and the other into the lateral mass of C-6. After the cage was positioned, both rods were replaced to span T-5 through the occiput and were locked to the cage using the Synapse screw (Fig.  2) . The area again was copiously irrigated with antibiotic- infused irrigation. The suboccipital cranium and the remaining lateral masses were decorticated, and demineralized bone matrix and allograft were packed within this region, producing arthrodesis from the occiput through T-5. At this point in the operation, the plastic surgery team was called in, and the operation completed a complex closure.
Postoperatively, the patient underwent proton-beam radiation therapy for residual disease. Fourteen months after surgery, she experienced acute neck pain and difficulty swallowing. Imaging demonstrated fracture of the posterior rods (Fig. 2) , and the patient underwent reduction of her deformity with removal and reinsertion of posterior instrumentation with reinforcement of the construct (Fig.  2) . She died of her disease just under 2 years after her initial resection.
chordoma cases
Two patients presented with chordoma (Cases 1 and 5).
Case 1
This 35-year-old man presented with difficulty swallowing and a tumor at C-2 with significant prevertebral extension (Fig. 3A) . He initially underwent posterior occiput to C-5 fusion, followed by en bloc resection of a C-2 chordoma. The anterior column was reconstructed using a contoured cage spanning the left occipital condyle to the C-3 vertebral body to act as a plate (Fig. 3B) . This was secured with a titanium cable to the posterior fusion. Approximately 4 months after the initial surgery, the cage dislodged (Fig. 3C) . The caudal end of the cage caused severe supralaryngeal region compression with imminent airway compromise and perforated the esophagus resulting in regional infection. The cage was removed and replaced with a cage spanning from the left occipital condyle to the superior portion of the C-3 lateral mass ( Fig.  3C and D) . The caudal end of the cage was cut a little bit taller dorsally to also function as a plate that could be screwed into the lateral mass of C-3. One and a half years after the initial surgery, the patient underwent mobilization of C1-2 to provide greater range of motion to facilitate swallowing. Three years after his original resection, the chordoma recurred at C4-5 (Fig. 3E) . The patient underwent a repeat anterior cervical approach with C5-6 discectomy, C4-5 corpectomy, and resection of recurrent chordoma. Occipitocervicothoracic instrumentation was extended through T-4 (Fig. 3F) . Postoperatively the patient received image-guided intensity-modulated radiation therapy (IMRT) that was complicated by esophageal stricture and multiple dilations; however, bridging bone was noted on follow-up CT imaging 4 years after his initial surgery, with bony integration of the construct (Fig. 3G) . He later developed an L-4 metastasis and received radiosurgery at this level (Fig. 3H) .
Case 5
This 77-year-old woman presented with cervical myelopathy and a history of surgery for cervical chordoma and radiation therapy to the region. A significant prevertebral component was noted on CT scanning (Fig. 4A) as well as complete replacement of the C-2 lateral masses by tumor (Fig. 4B) . The patient was taken to the operating room for removal of posterior hardware and reconstruction of bilateral lateral masses using titanium cages spanning from the occiput to C-3 (left) and C-4 (right) (Fig.  4C and D) . This patient was lost to follow-up; however, she died 14 months after placement of the bilateral lateral mass cages.
other cases
The patients in Cases 3, 4, and 6 underwent surgery for schwannoma and experienced no postoperative complications. The patients in Cases 6 and 7 underwent fibular strut reconstruction.
Case 3
This 50-year-old man presented with headache and was found to have a C1-2 schwannoma (Fig. 5A and B) . The tumor was resected in an intralesional fashion with placement of a mesh cage spanning from the occipital condyle to the lateral mass of C-3 ( Fig. 5C-H) . No postoperative CT scans were available at 6 months or 1 year after surgery to conclude if a fusion mass was present; however, at 3 years after surgery, the construct remains in place ( Fig.  5G and H) .
Case 4
This 61-year-old woman presented with a neck mass and was found to have a C-4 dumbbell-shaped schwannoma. This was resected in an intralesional fashion with lateral mass cage placement from C-3 to C-5, with the superior cage hooked over the posterior part of the superior lateral mass landing zone (Fig. 6) .
Case 6
This 16-year-old boy presented with hand weakness and numbness, and was found to have a schwannoma at C-7 with extension through the expanded right C-8 neuroforamen. This was resected initially via laminectomy at C6-T1 and facetectomy of C7-T1, followed by posterior arthrodesis from C-5 to T-2. Six months later, the patient developed new hand weakness and evidence of loosening screws and loss of the cap of the uppermost screw. He returned to the operating room for removal of the posterior hardware, placement of a fibular strut from C-6 to T-1, and replacement of posterior instrumentation. Six months after surgery, there was evidence of solid fibular graft fusion (Fig. 7) .
Case 7
Similar to Case 6, this patient underwent fibular strut reconstruction. A 25-year-old man presented with weakness in his triceps, biceps, and deltoid muscles. Imaging revealed an osseous lesion extending from the C-5 vertebral body and extending to the foramina (Fig. 8A-C) . He underwent resection of his tumor and reconstruction of the C4-5 lateral masses with a fibular strut extending from C-3 to C-6 (Fig. 8D) . Ten months after surgery, radiographs demonstrated construct integrity ( Fig. 8E and  F ). An artist's rendition of a hypothetical construct is illustrated in Fig. 9 for clarity.
postoperative course
Of note, patients with benign pathologies had better outcomes, both in terms of survival and maintenance of correction. The patients in Cases 3, 4, 6, and 7 underwent surgery for reconstruction following resection of a benign pathology (schwannoma or osteochondroma). None of these patients experienced construct failure or loss of correction when the cage or fibular graft was placed extending from the lateral mass to an adjacent lateral mass or occipital condyle. Their postoperative courses were similarly uncomplicated by infection or other issues.
Of the 7 patients, 2 patients with malignant pathologies (chordoma and chondrosarcoma) had postoperative instrumentation-related complications. Following surgery, both patients were referred to the radiation oncology department for consideration of adjuvant therapy; 1 patient (Case 2) ultimately underwent proton-beam radiation therapy and the other patient (Case 1) underwent IMRT when the tumor recurred. The latter patient experienced catastrophic hardware failure following C-2 chordoma resection and placement of a cage spanning from the occipital condyle to the C-3 vertebral body. After revision of this construct to span from the condyle to the C-3 lateral mass, there was no loss of correction or instrumentation failure. The other patient also experienced a construct failure with loss of correction due to posterior rod fracture. Minor complications included a CSF leak and urinary tract infection (Case 5), and persistent hand weakness (Case 6) ( Table 2) .
technical Notes
While each case has unique aspects such as patient age and exact location of the reconstruction, the general concept of spanning a gap terminating in a lateral mass is consistent. In all cases, both the cranial and caudal "landing zones" must be competent to support the cage, and time must be spent ensuring that the cage fits tightly. Additionally, as the caudal facet has a profound downward angle, the surgeon must realize that the inferior corner of the cage will tend to kick backward under axial load. Thus, we advocate placing a screw directly into the cage/lateral mass landing zone and a second screw through the cage attached to the rod to provide dorsal support and counteract this tendency. Similarly, the cranial landing zone must be considered. While the occipital condyles and lateral mass of C-1 are relatively flat, the underside of the lateral masses of the subaxial spine will tend to cause the cage to fail by pushing the anterior aspect forward. Thus it is wise for the surgeon to "hook" the back of the cage over the posterior corner of the superior facet (Fig. 6) . The patients in Cases 6 and 7 underwent reconstruction with a cadaver fibula using the same technique discussed in Case 2 (Illustrative Case). Postoperative CT scanning at 6 months demonstrated excellent fusion with incorporation of the graft into the superior and inferior facets in one patient (Case 6), and the other patient (Case 7) had no evidence of instrumentation migration or failure at 10 months after surgery. Although it is generally considered erroneous to place a screw through a bone graft as this may create a stress riser, this was done to create an anteriorly directed force to push the fibular strut into the facets. In this case, pilot holes were carefully drilled and tapped through the strut, prior to the placement of both screws, and the graft/screw construct was installed as a single unit.
discussion
Recently, advances in surgical techniques 16, 17, 28, 29 have allowed surgeons to aggressively resect tumors in the cervical spine; however, the resulting iatrogenic instability has been difficult to address. Traditionally, major intralesional resection was the procedure of choice in patients with primary bone tumors such as chordoma. 4 However, a more aggressive en bloc resection offers a survival benefit over intralesional resection. 6, 13, 25, 33 However, some authors have noted that the complexity of cervical spine anatomy may make en bloc resections of many tumors impossible. 3 At this point, en bloc resection of cervical lesions is limited to case reports and small series. 2, 8, 9, 11, 13, 18 Reconstruction of the load-bearing capacity of the upper cervical spine following large resections is challenging. 20 In many cases, definitive resection of pathological processes is avoided due to the risk of iatrogenic instability, and patients simply experience stabilization posteriorly. 10, 19 Previously, if resection was attempted and the major load-bearing structures were removed (including the occipital condyles, C-1 lateral masses, and the C-2 vertebral body), posterior fixation was extended, usually from the occiput to the subaxial or thoracic spine. However, this alone severely compromises the anterior support. Multiple creative anterior reconstruction techniques have been described, all limited to case reports.
In cases in which the axis is resected but the atlas and occipital condyles are preserved, a C-2 prosthesis has been described that transmits forces from the C-1 lateral masses to the vertebral body of the highest unresected level. 15, 22 The device is a modified cylindrical cage; however, instead of the cylinder supporting an upper vertebral body, the C-1 lateral masses sit on mesh struts extending laterally. To secure it, a plate connects the device to the anterior arch of C-1. The advantage of this device is that it replicates physiological transmission of forces through the C1-2 joints and the subaxial anterior column. Additionally, the construct allows continued occipitocervical movement through occipitocervical articulation. However, the use of this device requires an intact atlas, which was only present in one of our high cervical cases. Additionally, the procedure requires a high anterior cervical approach with transpharyngeal placement of the anchoring screws at C-1. Similar cage and plate constructs have also been described. 26 Lateral mass cages provide an alternative spinal column reconstruction method, allowing maintenance of load-bearing capacity in the face of major resection. Wang et al. described the use of a lateral mass cage following resection of the C-1 lateral mass. 30 In that case, the cage spanned the occiput to C-2 lateral mass and was secured with a screw through the cage into the occipital condyle. The patient underwent occiput to C-4 fusion in the same setting. Effectively, this restored normal force transfer from occipital condyle to the C-2 lateral mass via cage instead of the C-1 lateral mass. Similar approaches have been used in the past with bone grafts. 5, 12 Another surgical team reconstructed a unilateral C-1 lateral mass excision with a similar occipital condyle to C-2 body using a Harms cage via combined direct lateral and posterior approach.
This technique has also been used in conjunction with a cage spanning the clivus to C-3 in an attempt to provide 3-column reconstruction following intralesional chordoma resection. 27 Following en bloc chordoma resection resulting in 3-column disruption, the authors reconstructed the anterior column with a mesh cage spanning the clivus to C-3, and lateral mass cages spanning C-1 to C-3 and C-1 to C-4, supplemented with posterior instrumentation for tension banding. The authors felt that this construct would increase "surface area of potential bone fusion" and "offload the strain on the posterior occipitocervical fixation." This was done as a previously described case of an anterior strut from C-1 to C-5 without lateral mass augmentation failed, ultimately requiring a transmandibular, circumglossal approach and complex reconstruction that was associated with high morbidity. 23 However, the premise of adding lateral mass cages to an anterior reconstruction following C-2 spondylectomy to increase stability was recently disproven in laboratory biomechanical testing. 24 No biomechanical testing of lateral mass cages without anterior column support has been performed.
It is important to note the failure pattern mentioned in this series. Of the 7 patients, only the 2 patients who re- ceived radiation treatment shortly after their surgery suffered lateral mass reconstruction failure. The remaining patients who did not undergo radiation therapy demonstrated documented fusions. It is likely that the patients who received radiation therapy never achieved a solid fusion due to the cytotoxic nature of their therapy, unlike the remaining patients. Thus, this construct type may not be appropriate for patients expected to withstand fixationonly reconstruction without true graft/cage incorporation. Extrapolating from this information, close follow-up in all patients who have not achieved solid fusion is wise.
In all cases described, the lateral mass cage span was dictated by the extent of tumor resection and subsequent reconstruction needs with the cage contoured to fit the space between the remaining levels. In most cases we have chosen to use a titanium mesh cage for reconstruction, although other options such as allograft or autograft bone may be viable alternatives. Of note, some surgeons may consider a vascularized autograft bone, especially in cases in which postoperative radiation is anticipated, to increase the chances of bony fusion.
conclusions
Lateral mass reconstruction may be beneficial in cases of complex reconstruction of the cervical spine, and a fibular graft or titanium mesh cage can be used. Data from this cohort suggest that reconstruction should involve posterior instrumentation for additional stabilization and screws placed directly into the cage or graft. Furthermore, the cage or graft should extend from the occipital condyle or lateral mass directly to another lateral mass, as instrumentation failure was noted when the cage extended from the occipital condyle to the vertebral body. This case cohort includes a variety of benign and malignant pathologies and includes patients who underwent adjuvant radiotherapy. Fusion was noted in 2 patients, and durable maintenance of correction was noted in 3 additional patients, strongly suggesting that lateral mass reconstruction with a cage or fibular graft can result in stable long-term correction for oncology patients. Surgeons should follow these patients closely during the healing process and beyond, as catastrophic failure of instrumentation was noted in 1 patient after lateral mass reconstruction.
references
